Abstract Pediatric narcolepsy can be challenging to diagnose and manage given a broad range of co-morbidities only recently described in the literature. These co-morbidities are broad in scope and span medical, psychiatric, and sleep disorders. Such associated conditions highlight potential novel effects of hypocretin deficiency on metabolic and neural functioning. Clinically, medication treatments for narcolepsy have the potential to alter co-morbid symptoms for better or worse and may guide individual treatment plans. Furthermore, sleep physicians may need to ally with other health care providers in endocrinology and psychiatry to optimize the care of pediatric patients with narcolepsy.
Introduction
Narcolepsy is a life-long disease characterized by excessive daytime sleepiness, hypnagogic hallucinations, sleep paralysis, and cataplexy due to loss of hypocretin neurons in the lateral hypothalamus [1] . Cataplexy is reported in 65-75 % of the patients with narcolepsy [2, 3] and distinguishes the condition of narcolepsy with cataplexy (narcolepsy type 1) from narcolepsy without cataplexy (narcolepsy type 2). Narcolepsy is a rare disorder, occurring in 0.025-0.05 % of the population [4, 5] with symptoms often developing in the second decade of life between ages 10-19 years of age [4] . Unfortunately, the median time to diagnosis has been reported to be as high as 10.5 years as clinicians frequently fail to recognize narcolepsy symptoms [6] . Part of the problem of this diagnostic delay may be due to general unawareness of narcolepsy presentations [7] . Additionally, pediatric narcolepsy can be of particular diagnostic challenge because of associated medical, sleep, and psychiatric co-morbidities that lead to misdiagnosis. In this article, we highlight co-morbid conditions among children with narcolepsy, discuss possible pathophysiology of these co-morbidities and relationships to hypocretin deficiency, and review clinical diagnostic and management concerns in the care of children with narcolepsy.
Obesity and Precocious Puberty Obesity
Obesity [body mass index (BMI) greater than 97 %] is commonly reported among children with narcolepsy with a prevalence ranging from 50-74 % and is particularly noted at disease onset [8•, 9, 10] . Comparatively, adult patients with narcolepsy have less reported obesity with frequencies closer to 30 % [11] . In one study comparing obese and non-obese children with narcolepsy type 1, participants did not differ in gender or ethnicity, but overweight/obesity was predicted by younger age at narcolepsy diagnosis [mean age: obese 9.7 years (+/−2.9) and non-obese 12.5 years (+/−3.
The impact of obesity among children with narcolepsy has functional implications with higher rates of obstructive sleep apnea (OSA), fatigue, and school absenteeism reported compared to that in non-obese children with narcolepsy [10] .
The etiology of increased rates of obesity among children with narcolepsy is still unclear. Given the interaction between hypocretin and food satiety hormones, leptin and ghrelin, recent research has explored endocrinopathies as possible etiology for obesity among patients with narcolepsy [12, 13] . Leptin is a hormone produced by adipocytes that act as an afferent signal in a negative feedback loop, suppressing food intake and promoting energy expenditure. In the absence of leptin, there is a profound increase in weight gain in both animal and human studies [14] . Ghrelin, on the other hand, acts in the exact opposite, stimulating feeding. Hypocretin is decreased with high leptin levels and increased with increasing ghrelin levels, reflecting hypocretin's role in alertness and motivation for food-seeking behaviors [14] . However, in the setting of hypocretin deficiency, patients have not demonstrated alterations of leptin or ghrelin levels suggesting that only a unidirectional relationship exists [15, 16] . Alterations in leptin and ghrelin have not been specifically studied in children with narcolepsy. This may be an area of future research interest given that obesity tends to develop close to symptom onset, suggesting that there could be a narrow time frame when metabolic dysfunction is more pronounced.
Likewise, studies evaluating energy expenditure found no significant difference in the basal metabolic rate using indirect calorimetry amongst patients with narcolepsy and controls matched for BMI and age [17] . More recent research has explored if weight gain could be related to distinct feeding behaviors associated with narcolepsy. In one study, 23 % of patients with narcolepsy met criteria for an eating disorder [18] . Specifically, patients displayed higher rates of irresistible food cravings and binge eating behaviors compared to controls. Similarly, sleep-related eating disorder (SRED) has been reported in higher frequencies among patients with narcolepsy type 1 (32 %) compared to those in controls (3 %) [19] . In this condition, recurrent eating behaviors occur after arousal from nocturnal sleep periods, and patients have no recall of the eating behavior [20] . Additionally, patients may have bizarre food choices or even eat potentially toxic substances, have injurious behaviors from cooking, and/or have adverse health consequences from nocturnal eating [20] . Given that hypocretin is thought to influence mesolimbic dopamine signaling, absence of hypocretin could result in dysfunction in reward circuits and consequent daytime and nocturnal impulsive behaviors [21] . On the other hand, there is considerable data showing that sleep disruptions and sleepiness in otherwise healthy subjects are associated with poorer food choices that are higher in caloric density [22] and sugar content [23] . In any case, childhood obesity is associated with a number of well-known long-term metabolic and cardiovascular health consequences, and thus, close monitoring of weight and eating behaviors is important in clinical management of pediatric narcolepsy. More immediately, OSA is associated with obesity development and can contribute to daytime sleepiness. Avoidance of high caloric and carbohydrate-dense in the home, cognitive behavioral therapy for binge eating behaviors, and structured weight loss programs may all be therapeutic options for patients with narcolepsy and obesity.
Precocious Puberty
Precocious puberty is also commonly reported among pediatric patients with narcolepsy suggesting more global hypothalamic dysfunction. Poli et al. reported that 17 % of children with narcolepsy have precocious puberty and 41 % had signs of accelerated pubertal development [8•] . In this study, precocious puberty was defined as the appearance of secondary sexual characteristics before girls or boys reached the ages of 8 or 9 years, respectively, if no lesions were identified on brain MRI, and there was marked elevation of plasma levels of luteinizing hormone (LH) following the stimulation of gonadotropin-releasing hormone (GnRH). The criteria of being categorized as having accelerated pubertal development included advanced bone/age ratio in the wrist (determined by Xray), with at least one of the isolated symptoms of either thelarche or presence of axillary hair. Interestingly, precocious puberty was more prevalent in children diagnosed with narcolepsy compared to obese controls of the same age suggesting a central cause for hormonal changes. Recognizing that precocious puberty could be a secondary symptom of narcolepsy is important as we have seen a few cases of delayed diagnosis of narcolepsy due to patients being told that their excessive daytime sleepiness was due to Bgrowth spurts.^Furthermore, evaluating for precocious puberty is critical because there is the potential for early fusion of epiphyseal openings resulting in growth restriction in children with early, rapid pubertal development. Thus, screening for precocious puberty and prompt referral to endocrinology is important in the management of pre-pubertal children with narcolepsy.
Neurobehavioral/Psychiatric Co-morbidities ADHD Attention deficit hyperactivity disorder (ADHD) is manifest by symptoms of inattention and hyperactivity, impulsivity before the age of 12 years [24] . ADHD symptoms are present at high rates among children with narcolepsy [25•, 26] . A recent cross-sectional survey of children under 18 years of age and found that 35.3 % of children with narcolepsy reported ADHD symptoms compared to 4.8 % of control subjects [25•] . It is well known that sleep disturbances, insufficient sleep, and daytime sleepiness can result in poorer executive functioning, memory, inattention, and hyperactivity in children [27] [28] [29] ; thus, symptoms of ADHD may be expected among children with narcolepsy. Indeed, excessive daytime sleepiness, insomnia, and fatigue scores among children with narcolepsy were all significantly found to be associated with ADHD symptoms in this cross-sectional study [25•] . However, narcolepsy patients' ADHD symptoms were less likely to improve with treatment of stimulant medications even at higher doses suggesting the need for additional academic support such as a 504 plan or individualized education plan. Aside from ADHD symptoms, one smaller study reported high frequencies of general behavior problems among children with narcolepsy that span emotional and conduct difficulties [30] . Certainly, effective screening and management of problematic behaviors, cognitive difficulties as well as ADHD may help children with narcolepsy optimize their academic potential.
Schizophrenia
Presentation of narcolepsy type 1 combined with schizophrenia is rare occurring in 1-18 cases in a population of 2 million based on one report [31] . In contrast, another study showed that approximately 10 % of adolescent patients with narcolepsy type 1 developed schizophrenia at an average age of 2.5 +/− 1.8 years after narcolepsy symptom onset [32] . Patients with both narcolepsy and schizophrenia in this study were younger than those with n a r c o l e p s y a l o n e a n d h a d h i g h p r e v a l e n c e o f HQB1*03:01/06:02 allele. While schizophrenia may be a potential co-morbidity, it is also possible that use of stimulants, which are commonly used for treatment of daytime sleepiness, can induce psychotic symptoms in narcolepsy patients. Auger et al. reported increased risk of psychosis (OR = 12), alcohol or poly-substance abuse (OR = 4.3), and psychiatric hospitalization (OR = 3.2) among patients with narcolepsy and idiopathic hypersomnia treated with high dose stimulant (defined as dosage > or =120 % of the maximum recommended by the American Academy of Sleep Medicine Standards of Practice Committee) [33] . Lastly, it is possible that there is a distinct subtype of narcolepsy with psychotic features, a claim which thus far has only been suggested by case reports [34] . Anti-NMDA receptor antibodies have been detected in patients with narcolepsy with psychotic features (with and without encephalitis symptoms) suggesting autoimmune etiology may result in more broad neuropsychiatric symptoms [35] . Of great concern is that narcolepsy could be misdiagnosed as schizophrenia based on reports of hallucinations. While hallucinations are experienced in both narcolepsy and schizophrenia, the hallucinations experienced by patients with narcolepsy are almost always associated with sleep onset/offset (hypnagogic/hypnopompic hallucinations) and more likely to be multimodal in presentation (visual and tactile) [36] .
Primary Mood Disorders
In both adults and children, primary mood disorders are reported in up to 1/3 of patients with narcolepsy and range from depression, general anxiety, obsessive compulsive disorder, and social phobia [37] . Among children with narcolepsy, 25 % of patients reported depressive symptoms on the Children's Depression Inventory [38•] . Symptom burden tended to be higher in those reporting depression with more frequent hypnogogic hallucinations and sleep paralysis, higher subjective sleepiness scores, and longer duration of symptoms before diagnosis compared to those in non-depressive patients. However, depressive feelings were not significantly better between those patients treated with stimulants for daytime sleepiness or venlafaxine for cataplexy. These high rates of depression among patients with narcolepsy may suggest that mood disorder is intrinsic to the narcolepsy diagnosis. The sleep architecture of depressive patients without narcolepsy has been reported to include short rapid eye movement (REM) onset latency, increased REM pressure with sleep onset REM periods, and sleep fragmentationall findings similar to those reported in patients with narcolepsy. Hypocretin deficiency induces cholinergicmonoaminergic imbalance with primary effect on alertness but such dysregulation has been shown to directly influence mood as well [39] . In hypocretin-2 null mice that had pharmacologic inhibition of hypocretin receptor 2 signaling, an increase in despair behavior was noted but similar behavior was not noted in hypocretin-1 null mice [40] . Furthermore, recent research has highlighted the role of REM sleep in affective reactivity and emotional information processing. For instance, REM sleep seems to be specifically involved in emotional memory and appears to facilitate the consolidation of memories with negative valence [41, 42] . This model may suggest that pathological increases in REM sleep as seen in narcolepsy may amplify the strength of negative memories and predispose patients to mood disorders. Clinically, screening for affective problems among patients with narcolepsy is important as medications used to treat core symptoms such as stimulants may worsen underlying mood disorder symptoms. While treatment of depressive symptoms and cataplexy often involve use of selective serotonin reuptake inhibitors (SSRIs) or serotonin-norepinephrine reuptake inhibitors (SNRIs), depressive symptoms are still reported among those with treated cataplexy [38•] . Ultimately, allying with mental health providers is necessary for assessment and management of psychological health.
Sleep-Related Co-morbidities
Patients with narcolepsy have a host of co-morbid sleep dysfunction and disorders that have become almost pathognomonic of this disease condition. In our clinical experience, sometimes, these associated sleep disorders are misdiagnosed as the primary conditions, and the diagnosis and treatment of narcolepsy is delayed. NREM parasomnias, REM parasomnias, OSA as well as nocturnal movement disorders are all commonly reported among narcolepsy patients [43, 44] . In our experience, these findings on a sleep study have resulted in misdiagnosis of another primary sleep disorder (Fig. 1) . The conditions of disrupted nocturnal sleep, periodic limb movements of sleep, and REM parasomnias are highlighted below.
Disrupted Nighttime Sleep
The prevalence of findings of disrupted nighttime sleep ranges between 30-95 % among patients with narcolepsy and is considered a supporting feature of narcolepsy diagnosis [20] . This sleep pattern is best characterized as frequent, brief nightly awakenings and associated poor sleep quality [45] . On polysomnography, these frequent awakening/arousals occur after sleep onset, more in stage 1 NREM sleep, and there are more frequent shifts to stage 1 NREM sleep or wake from deeper sleep stages [45] . This pattern of sleep fragmentation with high number of brief wakings has also been noted among children with narcolepsy and is a distinguishing feature from other hypersomnia conditions [46] . This disrupted nocturnal sleep pattern is distinct from insomnia in which patients report inability to fall asleep and stay asleep during the night resulting in prolonged waking periods. In contrast, patients with narcolepsy fall asleep rapidly and have frequent arousals or brief waking periods but generally return quickly to sleep [47, 48] .
Periodic Limb Movements of Sleep and REM Behavior Disorder
Increased motor activity during the sleep period is also commonly reported among patients with narcolepsy, giving sleep a restless appearance and possibly contributing to disrupted nocturnal sleep patterns. The mean motor activity index, defined as movement episodes per hour of sleep excluding chin or tibialis anterior electromyographic-related muscle activity, was 59.9/h in sleep in patients with narcolepsy type 1 compared to 15.4/h among healthy controls (p = 0.004) [49] . Underlying these increased movements may be downstream dopaminergic abnormalities mediated by hypocretin deficiency though there is animal data suggesting dysfunctions of the glycinergic/GABA premotor neurons located in the medullary Fig. 1 A hypnogram of an 11-year-old patient with narcolepsy type 1 initially misdiagnosed with periodic limb movements (periodic limb movements index of 25/h). REM periods are red capped peaks. Note the patient has a nocturnal sleep onset REM period (REM latency <15 min) which is specific to narcolepsy type 1. These findings suggest a primary diagnosis of narcolepsy type 1 with co-morbid periodic limb movements of sleep ventral gigantocellular reticular nucleus that may also be at play [50, 51] .
More recently, the sleep disorders of periodic limb movements of sleep and REM behavior disorder (REM parasomnias) have been highlighted in the recent narcolepsy literature. Periodic limb movements of sleep (PLMS) refers to a movement disorder that presents as rhythmic, repetitive myoclonic-like jerking of the limbs that disturb sleep [20] . PLMS has been reported in up to 75 % of patients with narcolepsy, often with higher indexes of movements per hour (>15/h) compared to controls [43, 44] . Similarly, REM behavior disorder which requires repeated episodes of dream enactment with sleep-related vocalization and/or complex motor behavior with polysomnographic evidence of REM without atonia is frequently reported. In one survey of patients with narcolepsy, 36 % reported symptoms consistent with REM behavior disorder [52] but more recent data has highlighted much higher rates of polysomnographic findings of REM without atonia [44] . REM without atonia reflects excessive amount of sustained or intermittent elevation of tonic submental tone or excessive phasic activity (which clinically may look like twitching in REM sleep) [53] . In children, REM behavior disorder (RBD) may present with symptoms of yelling, flailing limbs, pantomimic behaviors, gestures as well as more violent actions such a punching and kicking commonly reported among adults with RBD [54] . In children, findings of PLMS with indexes of >5/h are not uncommon on PSG with rates of 7.7 % among community recruited participants [55] , but RBD and REM without atonia are relatively rare in this population [56] . Thus, the finding of both these conditions together could be supportive of the diagnosis of narcolepsy [57] though larger studies are needed for verification. Given that REM without atonia is a cardinal feature of REM behavior disorder, close screening of dream enactment is clinically necessary. Furthermore, use of SSRIs commonly used for the treatment of narcolepsy may unmask symptoms of RBD [58] and result in more deregulated sleep quality and daytime sleepiness of patients.
Conclusion
Recent research in pediatric narcolepsy has highlighted associated with medical, psychiatric, and sleep co-morbidities. These co-morbidities can often delay diagnosis of narcolepsy when interpreted as primary conditions [49] . Furthermore, such co-morbid conditions can add to the challenge of managing primary narcolepsy symptoms as in the case of stimulants used for daytime sleepiness treatment worsening associated anxiety. Furthermore, the broad range of co-morbidities associated with narcolepsy highlight the need of a multidisciplinary management approach that may involve health care providers in endocrinology and psychiatry as well as sleep medicine. Longitudinal studies on pediatric narcolepsy are needed to better assess the progression of these comorbidities and study effectiveness and complications of treatment on primary and secondary disease symptoms.
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